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(57) ABSTRACT 

Embodiments of the present invention provide memory sys 
tems having a plurality of memory devices sharing an inter 
face for the transmission of read data. A controller can iden 
tify consecutive read requests sent to different memory 
devices. To avoid data contention on the interface, for 
example, the controller can be configured to delay the time 
until read data corresponding to the second read request is 
placed on the interface. 

ADDITIONAL MEMORY 
DEVICES) 

DELAY CONTROL 
WColumAddr 

CAPTURE 

VArrayCyc 

POINTER 
MEMORY 
READ 

; POINTER 
WStrobe0 

CONTROLLER 1's 

  



HETTO HINOO 

US 2009/0300314 A1 

0000||SA 

Dec. 3, 2009 Sheet 1 of 6 

  



Dec. 3, 2009 Sheet 2 of 6 US 2009/0300314 A1 Patent Application Publication 

  



Patent Application Publication Dec. 3, 2009 Sheet 3 of 6 US 2009/0300314 A1 

ced 
co 
en 

s 

gd 
5. 
GEO 

o 
s 
s 
? 

2 1. 
g d 

-S 5 BSS RSS 
25 & 3 S5 S3 S5 S3 C 3 S. es 5 Odys a v5 v5 
t es s is on is is is 
O 
CD 

  



Dec. 3, 2009 Sheet 4 of 6 US 2009/0300314 A1 Patent Application Publication 

00A 

  



US 2009/0300314 A1 Dec. 3, 2009 Sheet 5 of 6 Patent Application Publication 

01 TOHINOO 

—————. " " )}\{THC} 
N 

  



Dec. 3, 2009 Sheet 6 of 6 US 2009/0300314 A1 Patent Application Publication 

HOSSB00}{d} 

  



US 2009/0300314 A1 

MEMORY SYSTEMIS AND METHODS FOR 
CONTROLLING THE TIMING OF 

RECEIVING READ IDATA 

TECHNICAL FIELD 

0001 Embodiments of the invention relate to memory 
systems and methods for controlling memory devices. 

BACKGROUND OF THE INVENTION 

0002 Processor-based systems use memory devices, such 
as dynamic random access memory (“DRAM) devices, to 
store data (e.g. representing instructions, data to be pro 
cessed, etc.) that are accessed by the processor. In a typical 
computer system, the processor communicates with the sys 
tem memory including the memory devices through a pro 
cessor bus and one or more memory controllers. In some 
memory systems, a group of memory devices of the system 
memory are controlled by an associated memory controller. 
The processor issues to the memory controller a memory 
request including a memory command. Such as a read com 
mand, and an address designating the location from which 
data are to be read from memory. The memory controller uses 
the command and address to generate appropriate memory 
commands as well as row and column addresses, which are 
applied to the memory devices associated with that memory 
controller. In response to the commands and addresses, data is 
transferred between the memory devices and the processor. 
0003 Memory devices require a certain amount of time to 
service a memory request due to the time necessary to access 
the appropriate rows and columns of the memory device and 
actually retrieve the requested data. Further time is required to 
drive read data and read commands onto and off of a common 
interface between the memory devices and the controller. 
Although the operating speed of memory devices is continu 
ally increasing, the increase in device speed has not kept pace 
with increases in the operating speed of processors. The 
operation of the memory device itself therefore often limits 
the bandwidth of communication between the processor and 
the system memory. 
0004 To improve overall memory access bandwidth, one 
memory controller typically controls access to more than one 
memory device. In some systems, the processor interfaces 
with several memory controllers, each of which in turn con 
trol access to several memory devices. In this manner, further 
memory commands may be issued by a processor or memory 
controller while waiting for a memory device to respond to an 
earlier command, and bandwidth is improved. When a 
memory controller shares a common interface with multiple 
memory devices however, timing problems may occur. Com 
mands and addresses sent from the memory controller, which 
are represented by electrical signals coupled to conductive 
signal lines of the interface, may reach different memory 
devices at different times, depending on the layout of the 
memory system. Furthermore, different memory devices may 
take different amounts of time to respond to memory com 
mands depending on the process variations that occurred 
during fabrication of the memory devices. Variations in tem 
perature may also cause variation in response time between 
memory devices. 
0005 Accordingly, there is a danger of a conflict on the 
common interface between multiple memory devices and a 
memory controller. For example, one memory device may 
attempt to place read data on the interface at the same time as 
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data from another memory device is being carried by the 
interface. Sucha data collision would resultina loss of usable 
data and is unacceptable. This problem can be alleviated by 
providing a common clock signal to each memory device that 
is synchronized to a system clock signal used by the memory 
controller. Each memory device may then decide when to 
place data on the interface by counting received clock peri 
ods. By referencing a common clock signal the memory 
device can ensure it places data onto the bus during a clock 
cycle designated for its use. When the memory device places 
data onto the interface, it then also sends a data strobe signal 
for use by the controller in identifying and synchronizing 
received read data. The use of common clock signals for 
synchronizing operation of the memory devices and strobe 
signals may require additional circuitry and further pins on 
the memory device. 
0006. However, the transmission of clock signals for each 
memory device may increase complexity of the system and 
consumes space and power at the memory device. Further, it 
may be desirable to decrease the number of output pins on the 
memory device. What is needed is a system that avoids data 
collisions on a common interface but does not rely on the use 
of a common clock signal at the memory device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007 FIG. 1 is a simplified block diagram of a memory 
device according to an embodiment of the present invention. 
0008 FIG. 2 is a timing diagram illustrating various sig 
nals during operation of a conventional timing protocol. 
0009 FIG. 3 is a timing diagram illustrating various sig 
nals during operation of another embodiment of the present 
invention. 
0010 FIG. 4 is a timing diagram illustrating various sig 
nals during operation of another embodiment of the present 
invention. 
0011 FIG. 5 is a timing diagram illustrating various sig 
nals during operation of another embodiment of the present 
invention. 
0012 FIG. 6 is a simplified block diagram of a processor 
based system according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION 

0013 Embodiments of the present invention are directed 
toward memory systems and methods for controlling 
memory devices. Certain details are set forth below to provide 
a sufficient understanding of embodiments of the invention. 
However, it will be clear to one skilled in the art that embodi 
ments of the invention may be practiced without various of 
these particular details. In some instances, well-known cir 
cuits, control signals, timing protocols, and Software opera 
tions have not been shown in detail in order to avoid unnec 
essarily obscuring the described embodiments of the 
invention. 
0014. A system 100 according to an embodiment of the 
present invention is shown in FIG.1. The system 100 includes 
a plurality of memory devices, including memory device 105. 
The memory device 105 and other memory devices (not 
shown) share an interface 110 with a controller 115. The 
interface 110 may be implemented, for example, as a bus 
including a high-speed bus. In some embodiments, the 
memory device 105 may be physically stacked with one or 
more other memory devices and optionally also the controller 
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115. The interface 110 may then be implemented as a set of 
through-Substrate interconnects. The through-Substrate inter 
connects may beformed by metalizing through-Substrate Vias 
created in each memory device Substrate, or by any other 
method. 
0015 The controller 115 is configured to transmit com 
mands, addresses and data, which are represented as electri 
cal signals, and control signals to the memory devices over 
the interface 110. In some embodiments, however, only data 
signals are transmitted on the shared interface 110 and com 
mand or address signals, or both may be transmitted over 
another interface. The controller transmits a variety of com 
mands to ensure proper operation of the memory devices. The 
controller determines when to transmit commands using a 
controller clock signal. 
0016. A read operation will now be described to generally 
illustrate operation of the system 100. The controller 115 
transmits a read command onto the interface 110. Read com 
mands for the memory device 105 (shown in FIG. 1 as VColu 
mAddr) are captured in a capture buffer 120. The read com 
mand is latched in capture buffer 120 by access signal, 
V ArrayCyc, which transmitted by the controller 115 to a 
control input of the capture buffer 120. By adjusting the 
timing of the V ArrayCyc signal, the controller 115 can adjust 
when the read command is output from the capture buffer 
120. The read command is then passed to an access generation 
circuit 125 which generates internal control signals to access 
the array of memory cells 130 to retrieve read data. It takes a 
certain access time, t, from the time VArrayCyc is trans 
mitted to the memory device until the time the corresponding 
memory cell is accessed and the read data becomes available. 
The read data is placed in an output register 135 until an 
output control signal, VStrobe0, is transmitted by the control 
ler 115 to a control input of the output register 135, at which 
time the read data is moved from the output register 135 onto 
the interface 110 for communication with the controller 115. 
The output control signal vStrobe0 is specific for the memory 
device 105 and does not cause data to be coupled to the 
interface 110 from any of the other memory devices in the 
system 100. 
0017. Data may be read from the array 130 in a burst 
manner. After specifying an initial address, data from several 
memory cells in the array 130 may be read sequentially. A 
larger amount of data may be read from the array 130 than can 
be placed on the interface 110 at one time. In such a case, the 
read data is serialized for transmission on the interface 110. 
For example, as indicated in FIG. 1, 128 bits of data may be 
read from the array 130 and serialized into 32 bit groups for 
transmission on the interface 110. 

0.018. As will be described in more detail below, the func 
tional blocks shown in FIG. 1 in dashed lines (for example, 
delay 150 and memory 140) may be included in other 
embodiments of the invention, and can be optionally included 
depending on which embodiment of the invention is desired. 
0019. As described above with reference to FIG. 1, the 
controller 115 generates commands and addresses for several 
memory devices, including the memory device 105. Because 
the different devices may be placed different distances from 
the controller 115, the commands, addresses, and control 
signals, such as VColum Addr, VArrayCyc, and the memory 
device-specific vStrobe may take different amounts of time to 
reach each memory device. Further, the memory arrays asso 
ciated with each memory device may have a different access 
time, t, due to process or temperature variations. These 
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timing differences between memory devices could cause read 
data from more than one device to be applied to the shared 
interface simultaneously if the memory devices apply the data 
to the interface at the time it becomes ready. Some delay can 
be used when reading from different memory devices con 
secutively. Delay can also be used between a read and a write 
request, either to a same or different memory devices. 
0020. In an example of a conventional timing protocol 
implemented by the system of FIG. 1, the controller 115 may 
be configured to delay a read command sent to a different 
memory device by a complete controller clock cycle. An 
example of the timing for this delay is shown in FIG. 2. The 
controller clock signal 200 is shown to illustrate the relative 
timing. The controller transmits a read command 210 for 
retrieving data from a first memory device, DRAM0, at time 
T0. Although DRAM devices are discussed as examples 
herein, any type of memory may generally be used. The 
controller transmits an array access signal V ArrayCyc 220 to 
cause the memory devices to capture the command, as 
described above. As shown in FIG. 2, the V ArrayCyc signal 
220 contains a positive pulse corresponding to a high to low 
transition of the controller clock signal 200. Read data will be 
available in the output register 135 a time t after the com 
mand is transmitted, as shown in FIG.2 mid-way between T2 
and T3. At that time, read data 225 is available to be placed on 
the interface 110. 

0021 Read data is output by the memory in a certain unit 
time interval. A unit time interval corresponds to a single data 
transmission. The example in FIG. 2 illustrates a system 
having quad-data rate devices and a burst length of four. A 
quad-data rate device can output read data four times every 
clock cycle. A burst length of four results in data from four 
consecutive memory locations being returned following the 
single read command 210. The data from the four different 
locations are shown in FIG. 2 as read data 225 (labeled '00, 
01.02,03). As a result of the quad-data rate devices, the unit 
time interval for the embodiment of FIG. 2 corresponds to 
one-quarter of the controller clock period. Although a quad 
data rate memory is described, any data rate may generally be 
used, including single or double data rate. 
0022. The next read command 230 is directed to a different 
memory device, DRAM1. If the read command were directed 
to the same memory device as the read command 210, the 
controller could transmit the command immediately follow 
ing the initial read command 210, at time T1. However, 
because the read command 230 is directed to a different 
memory device (i.e., DRAM1), the controller delays trans 
mission of the read command 230 by one controller clock 
period, shown as the “no operation” (NOP) command 235 in 
FIG. 2. The data requested by the read command 230 is 
available for readout at timet, later, a time between T4 and 
T5 as shown in FIG. 2. By waiting a clock cycle between the 
transmission of read command 210 and read command 230, 
there are now four unit time intervals between the time all four 
data—00, 01 02 and 03—(from a first memory device) are 
available for retrieval, and the time a first data is available 
responsive to the second read command 230—(from a second 
memory device) shown as data 240 in FIG. 2. These four unit 
time intervals are sufficient to account for the variable time 
the commands, addresses, and control signals take to reach 
the different memory devices and different access times for 
the different devices to avoid data collision on the interface 
10. Accordingly, a data strobe signal (not shown) may be sent 
to the second memory device to place the first data of data 240 
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onto the interface 110 as soon as the data is ready, shown as a 
time between T4 and T5 in FIG. 2. 

0023 The method described with reference to FIG. 2 
delays the transmission of a read command when the read 
command is directed to a different memory device than the 
previously issued read command. That is, a memory device 
transition occurs when consecutive read commands are trans 
mitted by the controller to different memory devices. The 
controller then delays the time corresponding read data from 
the later read command is placed on the interface. A memory 
device transition may be to a new memory device or back to 
a previously accessed memory device. For example, a first 
read command to DRAM0 followed by a second read com 
mand to DRAM1 would be a memory device transition. If the 
next read command is to DRAM0 or DRAM2 or any other 
memory device besides DRAM1, that is also a memory 
device transition. Any number of consecutive commands to a 
same memory device may be issued between memory device 
transitions. In the embodiment of FIG. 2, in Summary a con 
ventional timing protocol may be implemented where an 
entire controller clock cycle of delay is inserted between 
Successive read commands transmitted to different devices. 
While this timing ensures proper operation despite signal 
transmission and access time differences between the 
memory devices, it decreases bandwidth in Some embodi 
ments. For example, in a single data rate system where the 
data rate is matched to the controller clock rate, the bandwidth 
penalty is equal to 1/(1+BL) where BL is the burst length. 
Using an exemplary burst length of 4, the bandwidth penalty 
is thus /s or 20%. That is, in a worst-case bandwidth scenario, 
where each read command is issued to a different memory 
device than the last read command, and a controller clock is 
inserted between each one, there would be four controller 
clock cycles to retrieve the four data elements in the burst 
length, and one extra clock cycle of wait time. In a double 
data-rate system where data may be transmitted at a leading 
and falling edge of a clock signal, the bandwidth penalty is 
equal to 2/(2+BL). Assuming a burst length of 4, the penalty 
is /3 or roughly 33.33%. This corresponds to a scenario where 
each Subsequent read command is sent to a different memory 
device, it takes two controller clocks to transfer the four 
elements of read data in the burst, and one extra controller 
clock is inserted prior to the next read command. In a quad 
data rate system, assuming a burst length of four, the band 
width penalty is greater still at 4/(4+BL), that is, the band 
width penalty is 50%. 
0024. One or more embodiments of the present invention 
reduce the bandwidth penalty associated with the operation of 
the system 100. It may not be necessary to insert a full con 
troller clock period in between consecutive reads to different 
memory devices. The variation in travel time for signals to 
different devices and the variation in access time for the 
devices may be such that one unit time interval of time delay 
is Sufficient. Accordingly, Some embodiments of the inven 
tion delay the retrieval of available read data from a memory 
device by one unit time interval when consecutive read com 
mands are issued to different devices. An example of a timing 
diagram illustrating Such an embodiment is shown in FIG. 3. 
A read command 210 is transmitted at time T0 to a first 
memory device, DRAM0. The V ArrayCyc signal 220 causes 
the memory device to capture the read command 210. The 
associated read data 225 becomes available a time to later, 
between T2 and T3 in FIG.3. The read data 225 may be read 
out at that time using the VStrobe signal 300 for DRAM0. 
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When the next read command 230 is transmitted at time T1 to 
DRAM1 in FIG.3, the associated data 310 becomes available 
a time t, later, between T3 and T4 in FIG. 3. However, the 
vStrobe signal 315 for DRAM1 is delayed one unit time 
interval following t. that is, one-quarter of the controller 
clock period in the example of FIG. 3. Accordingly, one unit 
time interval separates the time read data 225 is finished being 
output (from DRAM0) to the interface 110 and the time the 
read data 310 (from DRAM1) may begin being placed onto 
the interface 110. The single unit time interval, one-quarter 
the clock period in FIG. 3, is sufficient in many cases to 
account for variations in signal transit time and access time 
variations to avoid data collision on the interface 110. 

0025. The next read command 320 is also transmitted to a 
different memory device than the previous read command 
230. In FIG. 3, the read command 320 is destined for 
DRAM2. The vStrobe signal 330 for DRAM2 is accordingly 
delayed yet another unit time interval, for a total of a two unit 
time interval delay following t. The read data 325 (from 
DRAM2) associated with the read command 320 is available 
at a time t, after the read address 320 is sent, shown in FIG. 
3 as between T4 and T5. However, the vStrobe signal 330 is 
not transmitted until two unit time intervals later, at time T5. 
This again leaves a one unit time interval separation between 
the time the last of the data 310 have been placed on the 
interface 110 and the time the first of the data 325 may be 
placed onto the interface 110. The next read command 335 is 
transmitted at time T3, representing a read command trans 
mitted to DRAM1. Since the read command 335 is directed to 
a different device that the previous read command 320, the 
vStrobesignal for DRAM1 will be delayed another one unit 
time interval, for a total of a three unit time interval delay 
beyond t. The VStrobe signal and read data corresponding 
to the read command 335 are not shown on FIG. 3, however, 
for ease of illustrating the remainder of the timing diagram. 
The next read command 340 is directed to DRAM0, and again 
represents a change of memory device relative to the previous 
read command 335. The vStrobe signal for DRAMO will 
accordingly be delayed an additional unit time interval, for a 
total for four unit time intervals. However, recall that a unit 
time interval in FIG. 3 corresponds to one-quarter of the 
controller clock period. Accordingly, instead of delaying a 
vStrobe signal for DRAM0 by four unit time intervals, the 
controller may simply delay transmission of the next read 
command by one controller clock, as shown by the NOP 
command 345. The VStrobe signal for DRAMO correspond 
ing to the read command 340 may then be transmitted at time 
t, after T5 (i.e., without any vStrobe delay), when the read 
command was transmitted 340. 

0026. Each consecutive read command 210, 230, 320, 
335, and 340 in FIG. 3 is directed to a different memory 
device than the previous signal for ease of illustrating timing 
techniques for operation of Some embodiments of the inven 
tion. When consecutive read commands are transmitted to the 
same memory device, however, the delay for sending a cor 
responding VStrobe signal is not increased. By way of Sum 
mary, a VStrobe signal is generally transmitting to retrieve 
read data and access time, t, after transmitting the read 
command. When the destination memory device changes 
relative to the previous read command, the VStrobe signal is 
delayed by one unit time interval and is transmitted one unit 
time interval aftert has elapsed. This timing of the VStrobe 
signal is maintained until a read address is transmitted to a 
different memory device, at which time the VStrobe signal is 
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delayed two unit time intervals, and so on. Once a delay of 
four unit time intervals is needed, the controller simply waits 
one controller clock period before transmitting the read com 
mand. In this manner, assuming an exemplary burst length of 
four, the bandwidth penalty for a single data rate system is at 
most /16 or approximately 6%. One-quarter clock period is 
used as delay following each four data elements. So, after 
transmitting 16 data elements, an entire clock period of delay 
has been used. In the embodiment shown in FIG. 3, one 
quarter clock period is used as the delay increment. In other 
embodiments, however, other time periods could be used 
Such that instead of progressively delaying the VStrobe signal 
by one unit time interval, a fraction of the time interval is 
used. Such as one-half a unit time interval. Each time a read 
command is transmitted to a different memory device, the 
vStrobesignal is delayed an additional delay increment. Once 
the total delay equals a controller clock period, issuance of the 
next read command to a different memory device is delayed 
by a clock period. 
0027. As shown in FIG. 3, a data strobe signal may be 
delayed relative to a time when the read data has been 
accessed from the memory array and is available for trans 
mission on the interface 110. The data should be stored during 
this delay period. Furthermore, additional data may be 
accessed from the memory array 130 during the delay period. 
Accordingly, a buffer memory 140 (FIG. 1) can be included in 
the memory device 105. In some embodiments, the buffer 
memory 140 may be positioned generally anywhere between 
the array 130 and the interface 110. The buffer memory 140 
stores the retrieved read data from the memory array 130 until 
such time as the VStrobe signal is received. The buffer 
memory 140 can have sufficient memory to store as much 
data as may be retrieved from the array 130 during the delay 
of the VStrobe signal. Accordingly, in one embodiment of the 
buffer memory 140 includes a FIFO memory capable of stor 
ing additional groups of read data. Generally, the longest 
delay of the VStrobe signal in the embodiment of FIG. 3 is 
three unit time intervals, during which an additional memory 
request could be serviced by the array while data from the 
previous read access is applied to the data bus. Accordingly, 
the buffer memory 140 is capable of storing an additional 
group of read data. 
0028. The buffer memory 140 may include a read and a 
write pointer to indicate where data can be written and where 
data can be read. The VStrobe signal causes data to be trans 
mitted from the output register 135 to the interface 110, as 
described above. The VStrobe signal may also cause the read 
pointer of the buffer memory 140 to increment, passing the 
next stored data to the output register 135. The memory array 
130 may transmit a data strobe signal to the buffer memory 
140 when read data is available, incrementing the write 
pointer such that the retrieved data is written to correct loca 
tions. In Summary, operation of an embodiment of the inven 
tion as discussed above with reference to FIG. 3 should 
improve the bandwidth penalty incurred to avoid conflicts on 
the interface 110 by delaying VStrobe signals a unit time 
interval each time a different memory device is addressed. 
However, a buffer memory 140 may be used to store the data 
retrieved from the memory array 130 during the delay of the 
vStrobesignal. 
0029. Another embodiment of the present invention may 
reduce the required memory in the buffer memory 140. Recall 
the buffer memory 140 has sufficient memory to store read 
data that may be obtained from the array 130 during a period 
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the VStrobe signal is delayed, which may be as much as three 
unit time intervals in one embodiment. To reduce the size of 
the buffer memory 140, or in some embodiments, eliminate a 
need for the buffer memory 140, timing of the transmission of 
read commands may be varied instead of the timing of the 
strobe signal, as shown in FIG. 4. In this embodiment, the 
controller again utilizes the controller clock signal 200. How 
ever, the controller can transmit read commands 400 at a 
higher speed, able to transmit one address command during 
each half-period of the controller clock 200. A first read 
command 210 is transmitted at time T0. If a next read com 
mand corresponds to the same memory device, the signal is 
sent at time T1, one controller clock period later. However, if 
the next read command is for a different memory device, as 
shown in FIG. 4 by the read command 230 transmitted to 
DRAM1, the read command is delayed an extra two unit time 
intervals, one-half a controller clock period in FIG. 3. 
Accordingly, the read command 230 is transmitted between 
time T1 and T2 as shown. Read data associated with the 
address 210 becomes available an access time t after the 
read command 210 is sent, and a VStrobe signal (not shown) 
for DRAMO may be transmitted at that time, between T2 and 
T3 in FIG.4, to retrieve the data 225. By waiting two unit time 
intervals into the clock cycle T1, the first of data 310 (from 
DRAM1) associated with the read command 230 becomes 
available two unit time intervals after the last of data 225 
(from DRAM0) has been placed onto the interface 110. The 
data 310 may be retrieved by transmitting a vStrobe com 
mand (not shown in FIG. 4) for DRAM1 at the time the data 
310 is available, between T3 and T4 in FIG. 4. 
0030. In this manner, read commands are transmitted by 
the controller either four unit time intervals or six unit time 
intervals apart. A Subsequent read command may be trans 
mitted four unit time intervals following the transmission of a 
previous read command when reading from a same memory 
device, and six unit time intervals following issuance of a 
previous read command when reading from a different 
memory device. The VArrayCyc signal is changed to transmit 
pulses both four and six unit time intervals after an transmit 
ted read command, as shown in FIG. 4, to latch a Subsequent 
read command. Accordingly, the memory devices are able to 
capture a read command transmitting in either timing slot. 
Since data can be retrieved from the memory device t, after 
the read command is transmitted, less space is required in the 
buffer memory 140, as the read data will not need to be stored 
an additional amount of time on the memory device. 
0031. As discussed above with reference to FIG. 4, read 
commands may be delayed an extra two unit time intervals 
when the read commands are directed to a different memory 
device than the previous read command. In another embodi 
ment of the invention, a timing margin of one unit time 
interval can be provided when switching between different 
memory devices by delaying processing of a Subsequent read 
command. Referring back to FIG. 1, in some embodiments of 
the present invention a delay circuit 150 is optionally 
included in the memory device 105 between the capture cir 
cuit 120 and the array access generation circuit 125. The delay 
circuit 150 delays the application of a received command to 
the array access generation circuit 125, which as previously 
discussed, generates internal control signals to initiate access 
to the array of memory cells 130 and retrieve read data. In one 
embodiment, the delay circuit 150 receives the V ArrayCyc 
signal. A read command is captured by the capture circuit 120 
on arising edge of the VArrayCyc signal, but is delayed by the 
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delay circuit 150 until a falling edge of the VArrayCyc signal 
to be provided to the access generation circuit 125. This 
delays the signal by the width of the V ArrayCyc pulse, one 
unit time interval in the example described now with refer 
ence to FIG.S. 

0032. A delay control signal 500 is provided to the delay 
circuit 150 to indicate whether the delay circuit 150 should be 
used to delay the command signal. When the delay control 
signal 500 is low, the read command 210 will be captured by 
the DRAM0 on a rising edge of the VArrayCyc signal 220, at 
a time shortly after T0 in FIG. 5, and passed to the array access 
generation circuit 125 to begin retrieval of the read data. The 
associated data 225 are placed onto the interface 110 a time 
t, later, shortly after T2 in FIG. 5. Additional read com 
mands may then be transmitted to the same memory device 
without additional delay. However, the next read command 
shown in FIG. 5, read command 230, is directed to a different 
memory device, DRAM1. The delay control signal 500 goes 
high and the read command 230 will be captured on a rising 
edge of the VArrayCyc signal, but forwarding of the read 
command 230 to the array access generation circuit 125 will 
be delayed by the delay circuit 150 until a falling edge of the 
V ArrayCyc signal. The associated data 310 is placed on the 
interface 110 a time t after the falling edge of the V Array 
Cyc signal, as shown in FIG. 5. In this manner, the placement 
of the data on the interface is delayed by the width of the 
V ArrayCyc signal, that is, one unit time interval in FIG. 5. In 
other embodiments, any interval or fraction of an interval may 
be used, such as half a unit time interval. 
0033. When a read command is again transmitted to a 
different memory device, the command itself may be delayed 
by two unit time intervals, as shown by read command 320 in 
FIG. 5 and is generally described above with reference to 
FIG. 4. By way of summary, the first time a different memory 
device is accessed, the device itselfmay create a one unit time 
interval delay by delaying application of the incoming read 
command to the array access generation circuit to initiate the 
read operation. The next time a different memory device is 
accessed, the command itself may be delayed two unit time 
intervals before transmission to the memory device. Then, the 
next time a different memory device is accessed, the memory 
device itself may delay the command, and so on. 
0034. An embodiment of a processor-based system 700 
according to the present invention is shown in FIG. 6. The 
controller 115 communicates with multiple memory devices 
105, 600, 605 and 610 over an interface 110. Although four 
memory devices are shown in FIG. 6, the controller 115 may 
communicate with any number. The interface 110 may be any 
type of interface, as described above. In some embodiments, 
however the memory system shown in FIG. 6 is implemented 
as a physical stack, with each memory device 105, 600, 605, 
610 fabricated on a semiconductor substrate, and the semi 
conductor substrates placed one on top of the other. The 
interface 110 may then be implemented using a series of 
through-silicon vias. Although DRAM devices are shown in 
FIG. 6, any type of memory device may be used alternatively 
or in addition to the devices shown. 

0035. The controller 115 may be part of a larger logic die 
630 that may communicate with a processor 705 through a 
relatively narrow high-speed bus 706 that may be divided into 
downstream lanes and separate upstream lanes (not shown in 
FIG. 6). The DRAM devices 105, 600, 605 and 610 may be 
stacked on top of the logic die 630 which serves as the inter 
face with the processor 705. The logic die 630 can implement 
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a variety of functions to limit the number of functions that 
must be implemented in the DRAM devices. For example, the 
logic die 630 may perform memory management functions, 
Such power management and refresh of memory cells in the 
DRAM devices 105, 600, 605 and 610. In some embodi 
ments, the logic die 630 may implement test and/or repair 
capabilities, and it may perform error checking and correcting 
(“ECC) functions. 
0036. The DRAM devices 105, 600, 605 and 610 are con 
nected to each other and to the logic die 630 by a relatively 
wide interface 110. The interface 110 may be implemented 
using through silicon vias (“TSVs), as described above, 
which allow for formation of a large number of conductors 
extending through the DRAM devices 105, 600, 605, 610 at 
the same locations and connect to respective conductors 
formed on the devices 105, 600, 605, 610 to form vertical 
interfaces. In one embodiment, each of the DRAM devices 
405, 600, 605, 610 are divided into 16 autonomous partitions, 
each of which may contain2 or 4 independent memory banks. 
In such case, the partitions of each device 105, 600, 605, 610 
that are stacked on top each other may be independently 
accessed for read and write operations. Each set of 16 stacked 
partitions may be referred to as a “vault. Thus, memory 
device 105 may contain 16 vaults. In one embodiment, the 
controller 115 is coupled to one vault through the interface 
110 and a separate controller is provided for other vaults in the 
devices 105, 600, 605, 610. 
0037. The computer system 700 includes a processor 705 
for performing various computing functions, such as execut 
ing specific software to perform specific calculations or tasks. 
The processor 705 may be coupled to input devices 710, or 
output devices 715, or both. In some cases, a device may 
perform both an input and output function. Any type of input 
and output devices may be used such as storage media, key 
boards, printers and displays. The processor generally com 
municates with the controller 115 over a processor bus 706, 
and may communicate address, command, and data signals. 
The controller then communicates with the memory devices 
over a further interface, as discussed above. 
0038. From the foregoing it will be appreciated that, 
although specific embodiments of the invention have been 
described herein for purposes of illustration, various modifi 
cations may be made without deviating from the spirit and 
Scope of the invention. 
What is claimed is: 
1. A memory system comprising: 
a plurality of memory devices, each including a respective 

array of memory cells, each of the plurality of memory 
devices configured to access data from a respective array 
of memory cells in response to capturing a respective 
read command, each memory device further configured 
to capture the respective read command at least partially 
responsive to an array access signal and output the 
respective read data corresponding to the respective read 
command responsive to a respective output control sig 
nal; 

an interface coupled to each of the plurality of memory 
devices, the interface configured to receive the respec 
tive read data output from each of the plurality of 
memory devices; and 

a controller operating according to a controller clock signal 
having a controller clock period coupled to the plurality 
of memory devices through the interface, the controller 
configured to transmit the respective read commands to 
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the plurality of memory devices, the controller further 
configured to transmit the array access signal to the 
plurality of memory devices and transmit the respective 
output control signal for each of the plurality of memory 
devices, at least partially responsive to transmitting first 
and second consecutive read commands to two different 
ones of the plurality of memory devices, the controller 
configured to delay a time when read data corresponding 
to the second consecutive read command is transmitted 
on the interface by less than one controller clock period. 

2. The memory system of claim 1 wherein each of the 
plurality of memory devices further comprises a buffer 
memory coupled to the respective array of memory cells, the 
buffer memory configured to store respective read data during 
the delay time. 

3. The memory system of claim 1 wherein the controller is 
configured to delay the time when read data corresponding to 
the second consecutive read command is coupled to the inter 
face by delaying a time the respective output control signal is 
transmitted to the different one of the plurality of memory 
devices by a delay time. 

4. The memory system of claim3 wherein the delay time is 
one unit time interval. 

5. The memory system of claim3 wherein the delay time is 
a fraction of one unit time interval. 

6. The memory system of claim 3 wherein the controller is 
further configured to transmit a third consecutive read com 
mand to a memory device different than the memory device to 
which the second consecutive read command was transmit 
ted, the controller configured to delay the time when read data 
corresponding to the third consecutive read command is 
coupled to the interface by delaying a time the respective 
output control signal is transmitted by two times the delay 
time. 

7. The memory system of claim 6 wherein the controller is 
further configured to transmit a fourth consecutive read com 
mand to a memory device different than the memory device to 
which the third consecutive read command was transmitted, 
the controller configured to delay the time when read data 
corresponding to the fourth consecutive read command is 
coupled to the interface by delaying a time the respective 
output control signal is transmitted by three times the delay 
time. 

8. The memory system of claim 7 wherein the delay time is 
one-quarter of the controller clock period, the controller fur 
ther configured to transmit a fifth consecutive read command 
to a memory device different than the memory device to 
which the fourth consecutive read command was transmitted, 
the controller configured to delay the time when read data 
corresponding to the fifth consecutive read command is 
coupled to the interface by delaying transmission of the later 
consecutive read command by a controller clock period. 

9. The memory system of claim 1, the controller configured 
to transmit consecutive read commands to a same memory 
device during consecutive controller clock periods, the con 
troller configured to delay the time when read data corre 
sponding to the second consecutive read command directed to 
the different one of the plurality of memory devices is coupled 
to the interface by delaying the transmission of the second 
consecutive read command by one-half a controller clock 
period. 

10. The memory system of claim 9 wherein the controller 
is configured to transmit read commands in one-half a con 
troller clock period. 
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11. The memory system of claim 1 wherein the controller 
is further configured to delay the time when read data corre 
sponding to the second consecutive read command is coupled 
to the interface by transmitting a delay control signal, the 
memory device corresponding to the second consecutive read 
command configured to delay application of the second con 
secutive read command to the corresponding memory array 
responsive to the delay control signal. 

12. The memory system of claim 11 wherein the array 
access signal includes a rising edge and a falling edge, and 
wherein the memory device corresponding to the second 
consecutive read command is configured to capture the sec 
ond consecutive read command on the rising edge of the array 
access signal and store the second consecutive read command 
until the falling edge of the array access signal. 

13. The memory system of claim 11 wherein the plurality 
of memory devices each include a respective delay circuit, the 
delay circuit configured to receive the array cycle signal and 
store the second consecutive read command until the falling 
edge of the array cycle signal. 

14. The memory system of claim 1 wherein each of the 
plurality of memory devices are carried by a respective semi 
conductor substrate, wherein the plurality of respective semi 
conductor Substrates are arranged in a physical Stack, the 
interface comprising through-Substrate interconnects. 

15. A processor-based system comprising: 
a processor configured to generate read commands; 
a memory system coupled to the processor, the memory 

System comprising: 
a plurality of memory devices, each including a respec 

tive array of memory cells, each of the plurality of 
memory devices configured to access data from a 
respective array of memory cells in response to cap 
turing a respective read command, each memory 
device further configured to capture the respective 
read command responsive to an array access signal 
and output the respective read data corresponding to 
the respective read command at least partially respon 
sive to a respective output control signal; 

an interface coupled to each of the plurality of memory 
devices, the interface configured to receive the respec 
tive read data output from each of the plurality of 
memory devices; and 

a controller operating according to a controller clock 
signal having a controller clock period coupled to the 
plurality of memory devices through the interface, the 
controller configured to transmit the respective read 
commands to the plurality of memory devices, the 
controller further configured to transmit the array 
access signal to the plurality of memory devices and 
transmit the respective output control signal for each 
of the plurality of memory devices, at least partially 
responsive to transmitting first and second consecu 
tive read commands to two different ones of the plu 
rality of memory devices, the controller configured to 
delay a time when read data corresponding to the 
second consecutive read command is transmitted on 
the interface by less than one controller clock period. 

16. A memory device comprising: 
an array of memory cells; 
a capture circuit having an input terminal, an output termi 

nal, and a control terminal, the capture circuit configured 
to receive a read command at the input terminal, the 
capture circuit further configured to receive an array 



US 2009/0300314 A1 

access signal at the control terminal and capture the read 
command responsive to the array access signal; 

a delay circuit coupled to the capture circuit, the delay 
circuit having an input terminal, an output terminal and 
a control terminal, the delay circuit configured to receive 
the read command and delay the read command respon 
sive to a delay control signal received at the delay circuit 
control terminal; 

an access circuit coupled to the delay circuit, the access 
circuit operable to access the array of memory cells at a 
location corresponding to the read command Such that 
read data is output from the array of memory cells; and 

a buffer memory coupled to the array of memory cells and 
configured to receive data output from the array of 
memory cells, the buffer memory configured to receive 
a an output control signal and output the read data 
responsive to the output control signal. 

17. The memory device to claim 16 wherein the array 
access signal includes a pulse having a rising edge and a 
falling edge, the memory device configured to capture the 
read command on the rising edge of the pulse, and the delay 
circuit configured to delay the command until the falling edge 
of the pulse. 

18. The memory device of claim 16 wherein the buffer 
memory is configured to store an amount of data equal to an 
amount accessed during the delay of the read command. 

19. A method comprising: 
receiving a controller clock signal having a controller clock 

period; 
receiving a plurality of read commands including a first and 

second consecutive read command corresponding to dif 
ferent memory devices sharing an interface fortransmis 
sion of read data; 

transmitting the first read command to a first corresponding 
memory device in a first controller clock period; 

transmitting a first output control signal to the first corre 
sponding memory device a certain time after transmit 
ting the first read command, the first corresponding 
memory device configured to place the read data on the 
interface responsive to the strobe signal; 

transmitting the second read command to the second cor 
responding memory device after a delay time of at least 
one unit time interval and less than one controller clock 
cycle; and 

transmitting a second output control signal to the second 
corresponding memory device the certain time after 
transmitting the second read command, the second cor 
responding memory device configured to transmit the 
read data on the interface responsive to the second out 
put control signal. 

20. A method comprising: 
receiving a controller clock signal having a controller clock 

period; 
transmitting a first read command to a first corresponding 
memory device in a first controller clock period; 

transmitting a first output control signal to the first corre 
sponding memory device a certain time after transmit 
ting the first read command, the first corresponding 
memory device configured to place read data on the 
interface responsive to the first output control signal; 

transmitting a second consecutive read command to a sec 
ond corresponding memory device different than the 
first memory device in a second consecutive controller 
clock period; and 
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transmitting a second output control signal to the second 
corresponding memory device the certain time plus a 
delay time after transmitting the second read command, 
the second corresponding memory device configured to 
place read data on the interface responsive to the second 
output control signal. 

21. The method of claim 20 further comprising transmit 
ting read commands having a second memory device transi 
tion including two consecutive read commands directed to 
different memory devices, the method further comprising: 

transmitting a later read command of the second memory 
device transition to the corresponding memory device; 
and 

transmitting a third output control signal to the correspond 
ing memory device of the later read command a certain 
time plus two delay times after transmitting the later read 
command. 

22. The method of claim 21 further comprising transmit 
ting read commands having a third and fourth memory device 
transition, each including two consecutive read commands 
directed to different memory devices, the method further 
comprising: 

transmitting a later read command of the third memory 
device transition to the corresponding memory device; 

transmitting a fourth output control signal to the corre 
sponding memory device of the later read command of 
the third memory device transition a certain time plus 
three delay times after transmitting the later read com 
mand; 

delaying one controller clock period and then transmitting 
a later read command of the fourth memory device tran 
sition to the corresponding memory device; and 

transmitting a fifth output control signal to the correspond 
ing memory device of the later read command of the 
fourth memory device transition the certain time after 
transmitting the later read command. 

23. A method comprising: 
receiving a controller clock signal having a controller clock 

period; 
issuing a plurality of read commands having a first memory 

device transition including two consecutive read com 
mands directed to different memory devices sharing an 
interface for transmission of data; 

transmitting a first read command of the first memory 
device transition to the corresponding memory device in 
a first controller clock period; 

transmitting a first array access signal to the corresponding 
memory device in the first controller clock period, the 
array access signal having a rising edge and a falling 
edge, the corresponding memory device configured to 
capture the first read command and begin accessing a 
corresponding memory array responsive to the rising 
edge of the first array signal; 

transmitting a first output control signal to the first corre 
sponding memory device a certain time after transmit 
ting the rising edge of the first array access signal, the 
first corresponding memory device configured to place 
read data on the interface responsive to the first output 
control signal; 

transmitting the second read command of the first memory 
device transition to the corresponding memory device in 
a second consecutive controller clock period; 

transmitting a second array access signal to the corre 
sponding memory device in the second controller clock 
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period, the second array access signal having a rising transmitting a second output control signal to the second 
edge and a falling edge and transmitting a delay control corresponding memory device the certain time after 
signal to the corresponding memory device, the corre- transmitting the falling edge of the second array access 
sponding memory device configured, responsive to the signal, the second corresponding memory device con 
delay control signal, to capture the second read com- figured to place read data on the interface responsive to 
mand on the rising edge of the second array cycle pulse: the second output control signal. 

delay access to the corresponding memory array until at 
least the falling edge of the second array access signal; 
and ck ck ck ck ck 


